Mechanisms governing the normal resolution processes of inflammation are poorly understood, yet their elucidation may lead to a greater understanding of the pathogenesis of chronic inflammation. The removal of neutrophils and their potentially histotoxic contents is one prerequisite of resolution. Engulfment by macrophages is an important disposal route, and changes in the senescent neutrophil that are associated with their recognition by macrophages are the subject of this investigation. Over 24 h in culture an increasing proportion of human neutrophils from peripheral blood or acutely inflamed joints underwent morphological changes characteristic of programmed cell death or apoptosis. Time-related chromatin cleavage in an internucleosomal pattern indicative of the endogenous endonuclease activation associated with programmed cell death was also demonstrated. A close correlation was observed between the increasing properties of apoptosis in neutrophils and the degree of macrophage recognition of the aging neutrophil population, and a direct relationship between these parameters was confirmed within aged neutrophil populations separated by counterflow centrifugation into fractions with varying proportions of apoptosis. Macrophages from acutely inflamed joints preferentially ingested apoptotic neutrophils and histological evidence was presented for occurrence of the process in situ. Programmed cell death is a phenomenon of widespread biological importance and has not previously been described in a cell of the myeloid line. Because it leads to recognition of intact senescent neutrophils that have not necessarily disgorged their granule contents, these processes may represent a mechanism for the removal of neutrophils during inflammation that also serves to limit the degree of tissue injury.
Introduction
The cellular events of acute inflammation are heralded by the tissue influx of large numbers of neutrophil granulocytes. These cells have a well-established potential to injure tissues by a variety of mechanisms (1, 2) and they have been implicated in the pathogenesis of numerous inflammatory diseases in sev-eral organs (3) . However, it is also clear that acute inflammation has evolved as part of a beneficial host response to injury and infection that normally resolves with minimal residual tissue damage (4, 5) . By contrast with the initiation phase of acute inflammation, resolution is poorly understood. Therefore, the identification of mechanisms that normally govern the resolution process is likely to improve our understanding of the pathogenesis of persistent inflammation, which is a feature of many disease processes.
There are several reasons why study of the behavior of the neutrophil in inflammation is of particular interest. It is the first cell to arrive at the scene of perturbation, and subsequent or accompanying inflammatory events, such as monocyte migration and the generation ofedema (6, 7) , may depend on this initial neutrophil accumulation. Furthermore, neutrophil contents are not only histotoxic (1, 2) but may also enzymatically cleave matrix proteins into chemotactic fragments (8) and thus amplify the inflammatory response. In view of its potentially injurious contents and its pivotal role in the initiation and amplification of inflammation, the fate ofthe neutrophil during the resolution process requires definition.
The removal of neutrophils from the inflamed site is a prerequisite for resolution to occur, but the underlying mechanisms have received little attention. It is generally accepted that effete neutrophils meet their fate in situ (4) since there is little evidence that they return to the blood from the inflamed site or that lymphatics provide a major disposal route. It is often assumed that neutrophils inevitably disintegrate in the tissues (4) , although this would lead to disgorgement ofneutrophil contents with the potential to cause injury and amplify inflammation. Since the classical observations made by Metchnikoff at the end of the last century (9, 10) there has been evidence for an alternative neutrophil disposal mechanism whereby apparently intact neutrophils are engulfed by macrophages at the inflamed site. By direct microscopy ofvital preparations he observed "macrophages englobing microphages (neutrophils)" in irritated tadpole tail fins. There have been numerous subsequent observations of neutrophils contained within macrophages in the tissues of animals (1 1-14) and man (15, 16 ). An example of particular relevance to the fate of neutrophil in inflammation and to this study is the clinical phenomenon of Reiter's cells (macrophages that have engulfed neutrophils) which have been described in the joint aspirates of patients with various forms of arthritis (17, 18) . Furthermore, in acute experimental peritonitis induced by thioglycollate broth (13) or Corynebacterium parvum (14) , the observation of massive waves of neutrophil phagocytosis by macrophages has led to the suggestion that this process may represent the major route of neutrophil disposal.
Despite these histological observations, the mechanisms leading to the recognition and uptake of neutrophils remain Light microscopy of a neutrophil population aged for 10 h. Some cells (arrows) have densely condensed nuclei and vacuolated cytoplasm (X 1,000). (B) Electron microscopy of the same population, showing chromatin aggregation, nucleolar prominence (arrow), and cytoplasm vacuolation, while the granules remain intact (X 12,000). (C) Time course of appearance of neutrophils with the morphological features of apoptosis after isolation from blood of five normal donors (-). There was minimal loss of cells (A, as % of starting number) or viability (o, % population excluding trypan blue) and little spontaneous release of MPO into the medium during 24 h (0), expressed as a percent of total. obscure. We have previously reported that macrophages derived from acutely inflamed sites or matured from monocytes in vitro were capable of ingesting neutrophils that have been aged in vitro (19) , but the changes in the aging neutrophils that were responsible for recognition by macrophages as senescent self were not identified.
It is shown here that with time increasing numbers of neutrophils undergo characteristic morphological changes and a chromatin fragmentation pattern indicative of programmed cell death or apoptosis. This process leads to the recognition by macrophages ofsenescent but otherwise intact neutrophils and may represent an injury-limiting neutrophil disposal mechanism important in the normal resolution of inflammation. Human neutrophils isolated from acutely inflamed joints undergo this process and macrophages from these joints also preferentially recognize joint-derived neutrophils that have undergone programmed cell death. Evidence is presented that the Reiter's cell of acute inflammatory arthritides represents a histological manifestation of these processes in situ.
Methods
Materials. All chemicals used were from Sigma Chemical Co., St. Louis, MO, unless otherwise indicated. Percoll was obtained from Pharmacia Fine Chemicals, Piscataway, NJ, citrate from Pharma Hameln GmbH., Hanover, W. Germany, culture media (HBSS, Iscove's DME) and supplements (100 U/liter of penicillin and streptomycin) from Gibco Laboratories, Grand Island, NY, Tropolone (2-hydroxy-2,4,6-cycloheptatrienone) from Fluka AG, Buchs, Switzerland, and sterile tissue culture plasticware from Falcon Plastics, Cockeysville, MD.
Cell isolation and culture. Granulocytes (PMN, > 98% pure on May-Giemsa stained cytopreps) were isolated from the peripheral blood of healthy volunteers by a combination of dextran sedimentation and centrifugation through discontinous plasma-Percoll gradients as described (20) . This technique was designed to minimize exposure of the cells to bacterial endotoxin and thus preserve them in a minimally activated state; it was found that standard preparative techniques such as the use of Ficoll-Hypaque (Pharmacia Fine Chemicals) with erythrocyte lysis resulted in neutrophil activation and significant loss of cells during aging by clumping and loss of membrane integrity (20, and unpublished data follows: freshly drawn venous blood was citrated (4.4 ml of 3.8% sodium citrate to 40 ml blood) in 50-ml polyethylene tubes (Falcon Plastics), centrifuged at 300 g for 20 min at 20'C, and the platelet-rich plasma aspirated and centrifuged at 2,500 g for 10 min for production of platelet-poor plasma (PPP)l or recalcified (20 mM final concentration calcium chloride added) to prepare platelet-rich, plasma-derived serum (PRPDS). To the red and white cells remaining in each tube, 5 ml of 6% dextran (500,000 mol wt) in 0.9% saline was added, and the contents made up to 50 ml with 0.9% saline, mixed gently, and then allowed to stand for erythrocyte sedimentation for 30 min. The leukocyte-rich plasma was aspirated, centrifuged at 275 g for 6 min, resuspended in 2 ml PPP, and transferred to a 15-ml polystyrene tube. The leukocyte suspension was then underlayered with 2 ml of 42% stock Percoll (9:1 vol/vol Percoll-0.9% saline) in PPP, followed by 2 ml 51% stock Percoll in PPP. The gradients were centrifuged at 275 g for 10 min and PMN were then aspirated from the interface of the 51 and 42% steps. After three washes PMN were suspended at 5 X 106/ml in Iscove's DME with 10% autologous PRPDS and 100 U/liter of penicillin and streptomycin and then incubated at 37°C in a 5% CO2 atmosphere for up to 24 h. At the time points described in the text cells were counted on a hemocytometer and their viability assessed by trypan blue exclusion. Cytocentrifuge preparations were fixed in methanol, stained with May-Giemsa, and examined by oil-immersion light microscopy. For assessment of the percentage of cells showing mor-1. Abbreviations used in this paper: MO, monocyte-derived macrophages; MPO, myeloperoxidase; PPP, platelet-poor plasma; PRPDS, platelet-rich plasma-derived serum.
phology of apoptosis (see Results) 1,000 cells/slide were examined.
Cells were also fixed in 1% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.3, postfixed in 1% osmium tetroxide and 0.1 M cacodylate buffer, and processed for ultrastructural analysis by routine electron microscopical techniques. Myeloperoxidase (MPO) spontaneously released into the culture medium was assayed by routine methods (21) after the cells had been pelleted at 275 g for 6 min. Inflammatory PMN were isolated from synovial fluid freshly aspirated from the joints of patients presenting with acute sterile arthritis (in most cases due to seropositive or seronegative rheumatoid disease, but three patients had osteoarthritis and one Behret's disease; none had evidence of antineutrophil antibodies). Viability counts and cytocentrifuge preparations were done with synovial fluid diluted with PBS within 10 min of fluid aspiration and May-Giemsa stained slides were examined for neutrophil apoptosis and macrophage phagocytosis of neutrophils. For aging studies, synovial inflammatory cells were washed three times in PBS and then PMN purified and aged by methods identical to those above, except that dextran sedimentation was only used in those experiments in which a direct comparison was made with PMN isolated from the patient's blood, and 38/50% stock Percoll in PPP density gradients was found to be necessary for cell purification, reflecting the known changes in density in neutrophils after activation (22) . Samples from some patients had to be discarded during preparation because of irreversible PMN clumping, but it was found that this problem could be largely overcome either by using washes in cold (40C) PBS before preparation, or adding 2 ml citrate to 50 ml synovial fluid on aspiration. Similar Monocyte-derived macrophages (MO) were prepared from donated blood by routine methods (23) . Briefly, mixed mononuclear cells from the density gradients were washed three times, suspended in Iscove's DME at 4 X 106/ml, and 1 ml added to each well of 24-well tissue culture plates. After 1 h incubation at 370C and 5% CO2 the wells were washed and adherent monocytes cultured for 7 d in Iscove's DME with 10% autologous PRPDS, the medium being changed at 3 d.
Separation of aged PMN populations into fractions with varying proportions of apoptosis was achieved by counterflow centrifugation using a centrifuge (J-2 21; Beckman Instruments, Inc., Palo Alto, CA) and elutriation rotor at 2,500 rpm. Aged PMN were washed and loaded into the elutriation chamber at 30 X 106/ml in HBSS with an elutriation flow rate of 14 ml/min. At flow rates between 28 and 48 ml/min cells obtained in 100-ml elutriation fractions were assessed for trypan blue exclusion and percentage apoptosis and adjusted to 5 X 106/ml for interaction with Mo.
Chromatin fragmentation assays. Assessment of chromatin fragmentation in aging neutrophils was by a modification of methods previously described for thymocytes (24, 25) . Neutrophils were lysed by mixing 0.5 ml of cell suspension (1 X 108/ml) with 4.5 ml lysis buffer (Tris, pH 8.0, 20 mM EDTA, 2% Triton X-100). After standing for 1 h at 4VC the lysate was centrifuged at 25,000 g for 2 min at 4VC to separate high from low molecular weight chromatin. DNA for quantitative measurement was precipitated from the supernatant by addition of TCA to 5% and centrifugation at 1,000 g for 15 min at 4°C. This TCA precipitate and the previously pelleted high molecular weight chromatin were then hydrolyzed by incubation for 15 min at 95°C in 2 ml TCA, and the released deoxynucleotide sugars were measured by the diphenylamine reaction as previously described (24, 25) . Duplicate or triplicate lysates were made from each sample. The DNA in the low molecular weight fraction of chromatin was expressed as a percentage of the total recovered DNA (which remained stable at 12 and 24 h at > 80% of the initial sample in the six experiments shown in Fig. 2 A) . DNA for analysis by gel electrophoresis was precipitated from the 25,000 g supernatant after lysis by addition of2 vol ethanol and 0.1 vol 5 M NaCl at 20°C overnight. The precipitate, collected by centrifugation at 10,000 g for 15 min at 4°C, was dried and resuspended in 1 ml 10 mM Tris, pH 8.0, 1 mM EDTA, and 1% SDS. The 25,000-g pellet from the same lysate was resuspended in the same way. After deproteinization by serial extraction as before in ethanol and NaCI, samples were digested for 15 min at 37°C with RNAase A (100 gg/ml, heat treated to inactivate contaminant deoxyribonuclease), electrophoresed in a 1.0% agarose gel containing 30 ,lg/ml ethidium bromide, and viewed under ultraviolet light. A Taq I digest of pBR 322 was used as a size marker.
Macrophage-aged PMN interaction assay. Recognition of aged PMN by MO matured from monocytes over 7 d, as above, was assayed by minor modifications of previously described methods (19) . Aged PMN were washed in HBSS and suspended at 5 X 106/ml in HBSS, and I ml of suspension was added to each well of Mi (which had been washed in HBSS). After 30 min incubation at 37°C in a 5% CO2 atmosphere, during which the PMN rapidly settled into a carpet in close association with the Mo monolayer, the wells were vigorously washed with cold (4°C) 0.9% saline, fixed with 2% glutaraldehyde in PBS, and then stained for MPO using hydrogen peroxide and dimethoxybenzidine (o-diansidine; Sigma Chemical Co.) as substrate. Aged PMN were 100% MPO-positive, while 7-d M4 were 100% MPO-negative. Interaction was quantitated by microscopic counting of the proportion of Mo ingesting MPO-positive neutrophils in five randomly selected fields, at least 500 MO being assessed per well. Previous studies have shown that this method gives excellent concordance with total uptake of radiolabeled PMN and that the phagocytic nature of the interaction could be confirmed by electron microscopy (19) .
One patient with seropositive rheumatoid disease presented with bilateral acute arthritis of the knees. Synovial fluid was aspirated from one knee, neutrophils were isolated and radiolabeled for 5 min in PPP with "'In-tropolonate at a final concentration of 4 mM (26), washed three times, and then aged for 24 h in standard fashion. The second knee was aspirated 21 h after the first, and mixed mononuclear cells from the density gradient (> 80% pure on cytopreps) were washed and suspended at 106/ml in Iscove's DME and then adhered to tissue culture plates at 370C and 5% CO2 for 1 h before vigorous washing and interaction with radiolabeled aged PMN at 5 X 106/ml from the first knee, which had been separated by elutriation into fractions with varying degrees of apoptosis. Uptake of radiolabeled PMN was assessed after washing ofthe monolayers by removing the contents ofeach well using cotton wool pledgelets, which were then counted in a gamma counter. Uptake (the mean of triplicate wells) was calculated as a percentage of total cell-assbciated radioactivity loaded into each well. PMN were loaded into each well at a ratio of-25 PMN/adherent MO in order to ensure a dense, even carpet ofPMN although denying many PMN the chance to interact since cells in the upper layers ofthe carpet would not have been directly opposed to MO. Therefore, retention of 4% of loaded radioactivity indicated an average uptake of -I PMN/Mqo in the 30-min assay. However, because inflammatory MO prepared from the second knee showed some (< 20%) polymorph contamination, the data is presented as the percentage of loaded PMN ingested per well, without making the assumptions necessary to calculate mean PMN uptake per MO.
Results
Aging neutrophils exhibit morphologicalfeatures ofapoptosis.
Marked, time-related morphological changes "were observed in PMN that had been isolated from blood or from inflamed joints and then aged in tissue culture (see Methods) for up to 24 h with negligible loss of cells. On light microscopy of aging PMN, nuclear pyknosis or chromatin cwondensation was seen ( Fig. 1 A) together with cytoplasmic vacuolation, features that suggested that aging PMN undergo programmed cell death or apoptosis (27) . Ultrastructural examination (Fig. 1 B) demonstrated chromatin aggregation, nucleolar prominence, and cytoplasmic vacuolation, a triad of features that are highly characteristic of apoptosis (27) , and are not seen in mature, circulating PMN. The cell membrane and organelles, including granules, appeared to remain structurally intact in such cells, as in other apoptotic cells (27) . Further evidence of retention of membrane integrity was obtained in time-course studies of aging PMN. The proportion of cells demonstrating morphological features of apoptosis increased progressively with time, yet > 98% of cells excluded trypan blue dye at 24 h, and there was little spontaneous release of the granule enzyme myeloperoxidase ( Fig. 1 C) . After 24 h there was a steady increase in cells that failed to exclude trypan blue and that showed signs of ballooning and ultimate disintegration. Chromatin fragmentation in aging neutrophils. In direct relationship to stereotyped morphological changes, cells undergoing programmed cell death exhibited chromatin fragmentation in a characteristic internucleosomal pattern thought to represent endogenous endonuclease activation, the amount of DNA in each fragment being a multiple of -180 bp (24, 25, (28) (29) (30) (31) . In view of the morphological changes seen in aging PMN, evidence of chromatin fragmentation was sought in PMN isolated from blood and aged in the standard fashion. There was a progressive increase during aging in the proportion of PMN chromatin of molecular weight sufficiently low to resist sedimentation at 25,000 g and therefore presumed to represent cleaved chromatin ( Fig. 2 A) . Furthermore, electrophoresis of DNA from the unsedimented low molecular weight chromatin of PMN aged for 24 h revealed the ladder with 1 80-bp steps typical ofendonuclease activation and programmed cell death (Fig. 2 B) . Indeed, this pattern of 868 Savill, Wyllie, Henson, Walport, Henson, and Haslett apoptosis. In samples 1 and 3 the majority of the chromatin did not sediment at 25,000 g, and the ladder pattern was seen in the supernatant samples, while in sample 2 the majority of the DNA loaded appeared only as a high molecular weight smear. The apparently lower aggregate loading in this sample reflected preferential loss of uncleaved high molecular weight genomic DNA during extraction.
DNA cleavage was also observed in PMN isolated from an inflamed joint and aged in standard fashion (Fig. 2 C) , and in a subpopulation with a high (82%) proportion of apoptotic cells prepared from this population by counterflow centrifugation, but not in a subpopulation with a low (3.2%) proportion of apoptotic cells. Thus, aging PMN demonstrate the closely related morphological and biochemical changes of programmed cell death.
Macrophage recognition ofapoptotic neutrophilsfrom normal subjects. In cell types other than the PMN, programmed cell death leads to recognition of the cell by phagocytes (27, 32) . In time-course studies it was found that MO recognition of aging PMN populations derived from the blood of normal donors progressively increased, and there appeared to be a close temporal relationship with the increasing proportion of PMN with apoptotic morphology (Fig. 3 A) . Indeed, when recognition and apoptosis were correlated for a large number of paired observations made with PMN at different stages of aging in culture, a highly significant relationship was found (r = 0.83, P < 0.001, n = 59; Fig. 3 B) , suggesting that apoptosis in the aging PMN was directly linked to recognition by MO. In the current study, and as we have described previously (19) , the processes of macrophage recognition, ingestion, and degradation of aged neutrophils appeared to occur extremely rapidly: a phagocytic signal was present after interactions as short as 10 min, a time at which most PMN had not settled, and degradation was so rapid that in interactions of 1 h and over most ingested MPO-positive material had already been reduced to small fragments. In the 30-min interactions used here, although most ingested MPO-positive material appeared to be discrete PMN, on light and electron microscopy (19) partial degradation had already rendered it impossible reliably to assess ingested PMN for morphological features of apoptosis. To test the relationship between apoptosis and engulfment further, it was therefore necessary to compare Mo recognition of subpopulations of aged PMN with high and low pro- portions of apoptosis, separated from single aged PMN populations. By the use of counterflow centrifugation (elutriation), aged PMN could be separated into fractions containing proportions of apoptotic neutrophils varying from 5-90% without disrupting the cells, which retained the ability to exclude trypan blue (Fig. 4) . A representative experiment ( Fig. 4 ) demonstrates that macrophage recognition was indeed directly related to apoptosis in the aged neutrophil subpopulations. This close relationship was confirmed in a large number of observations made with fractions from different aged PMN populations, in which a highly significant correlation between recognition and neutrophil apoptosis (r = 0.81, P < 0.001, n = 43; Fig. 5 ) was obtained. Counterflow centrifugation was also helpful in confirming that the small proportion of eosinophils usually present in the PMN preparation did not contribute to the recognition signal ( Fig. 4 ; this example is chosen since this atopic individual had 16% eosinophilia). Macrophage recognition ofapoptotic neutrophils from patients with inflammatory joint disease. Although the development of apoptosis in aging PMN derived from healthy donor blood was directly linked to recognition by MO, it was felt important to determine whether PMN from inflamed sites underwent apoptosis and became recognized by Mo. In five patients with acute sterile arthritis (two rheumatoid arthritis, two osteoarthritis, one Behcet's disease) PMN were simultaneously purified from blood and inflammatory joint fluid by the same techniques (see Methods). When these PMN were aged for up to 22 h in the standard fashion there was negligible cell loss and cells retained the ability to exclude trypan blue (> 98% at all time points, except at 22 h for joint PMN where the mean trypan blue exclusion of 96% included one observation of 16% trypan blue-positive cells). During this period there was a progressive increase in the proportion of cells with features of apoptosis, which occurred at comparable rates in neutrophils derived from both blood and from joint fluid (Fig.  6 A) . An approximately parallel increase in the degree of macrophage recognition ofthe aging cell populations was observed (Fig. 6 B) . Separation of aged joint-derived neutrophil populations by elutriation into subpopulations with differing proportions of apoptotic cells demonstrated a close relationship between neutrophil apoptosis and recognition by Mo ( Fig. 6 C) similar to that demonstrated for neutrophils from healthy donor blood (Fig. 5) . Thus, the apoptotic subpopulation of aged joint-derived inflammatory neutrophils was responsible for recognition by monocyte-derived Mo prepared from the blood of healthy donors.
A patient with acute sterile arthritis ofboth knees provided a unique opportunity to compare the recognition of freshly isolated and cultured aged inflammatory neutrophils by mature monocyte-derived macrophages with recognition by inflammatory macrophages isolated from the joint fluid of the 10( patient 1 h before interaction. Neutrophils were purified from the joint fluid aspirated from one knee, radiolabeled, and aged in the standard fashion. Joint fluid was aspirated from the second knee 21 h later and neutrophils and macrophages were purified as described in Methods. Aged neutrophils were fractionated into subpopulations containing varying proportions of apoptotic cells and thus fresh and aged neutrophils were interacted with both mature heterologous monocyte-derived macrophages (Fig. 7 A) and freshly isolated joint-derived inflammatory macrophages (Fig. 7 B) . Neutrophil recognition by joint-derived macrophages could be assessed only by uptake of radiolabeled cells since the freshly isolated macrophage population contained many MPO-positive cells (presumably immature macrophages that had not yet lost their MPO and cells that had ingested neutrophils in vivo) rendering it difficult to use the standard microscopic assay of MPO-stained monolayers ( Fig. 7 B) . However, neutrophil uptake by mature monocyte-derived macrophages could be assessed both by MPO staining of monolayers and by the uptake ofradiolabeled neutrophils ( Fig. 7 A) . The excellent concordance between the two methods confirms the close relationship between these two assays of neutrophil recognition as previously reported (19) . It can be seen that joint-derived inflammatory macrophages and mature monocyte-derived macrophages preferentially recognized apoptotic neutrophils (Fig. 7) . Because there was some granulocyte contamination (< 20%) of the freshly isolated joint-derived macrophages, it was considered important as a control to interact aged apoptotic neutrophils with a monolayer of pure freshly isolated inflammatory granulocytes ( Fig. 7 B) . This resulted in a degree of background interaction that was no more than that observed with macrophages that had interacted with fresh joint neutrophils, thus demonstrating that the macrophages were responsible for the uptake of with apoptotic neutrophils. However, this contamination of the monolayer, by diluting available MO, is one factor contributing to the apparently smaller degree of recognition of the aged PMN elutriation fractions with the highest percentages of apoptosis by inflammatory MO when compared with monocyte-derived Mo. Further factors contributing to this small discrepancy are, first, that many inflammatory M4 show cytological features consistent with very recent PMN ingestion (see below and Fig. 8 ) and may therefore have a reduced capacity for PMN ingestion and second, that some adherent inflammatory monocytic cells may not have achieved the full maturity required for aged PMN ingestion (19) . Nevertheless, the relationship between Mo recognition and PMN apoptosis demonstrated with monocyte-derived Mo (Fig. 7 A) still held for inflammatory Mo (Fig. 7 B) .
Cytological evidence ofneutrophil apoptosis and phagocytosis by macrophages in inflammatory joint fluid. In rapidly fixed and stained (see Methods) preparations of freshly isolated joint fluid it was possible to find neutrophils with apoptotic morphology (Fig. 8) , the proportion varying from < 1% to 11%. This suggested that apoptosis did indeed occur in neutrophils at inflamed sites in vivo. Furthermore, in confirmation of other reports (17, 18) it was possible to demonstrate inflammatory Mo that appeared to have ingested intact neutrophils (Fig.   8 ). Ingested neutrophils appeared to have condensed nuclei in those cases where the neutrophil material had not yet been markedly degraded. These cytological appearances are identical to those described in previous investigations (17, 18) as Reiter's cells in a variety of acute inflammatory arthritides. lationship between apoptosis (o) and retention of radiolabel in the well (i). In (B) the same fractions were interacted with freshly isolated inflammatory MO. Again uptake by MO (i) was related to apoptosis (o). The shaded area corresponds to the degree of retention of freshly isolated joint PMN (from the right knee) by the MO monolayer. Interaction of apoptotic cells with contaminating granulocytes did not appear to account for the recognition signal since the degree of interaction with an inflammatory PMN monolayer (o) did not differ from that for freshly isolated PMN interacting with inflammatory Mo.
Discussion
In this study we show that aging neutrophils undergo programmed cell death, a process leading to their recognition as intact cells by macrophages. Programmed cell death is a phenomenon of widespread biological importance (27) that is characterized by structural changes in the nucleus and a pattern of chromatin fragmentation indicative of endogenous endonuclease activation. Recent interest has focused on its role in corticosteroid-treated thymocytes (24, 29) and its importance as a suicide mechanism in the cellular targets of cytotoxic lymphocytes (28, 31) . In these examples the triggering event is clear, although the intracellular mechanisms leading to endonuclease activation are poorly understood. In other examples, such as the programmed cell death that occurs during embryological remodeling (33) , the trigger factors are completely obscure. However, embryological remodeling and thymus involution (27) provide analogies that may be important to our understanding of neutrophil disposal in inflammation, because programmed cell death in these situations leads to the removal of unwanted cells without apparently causing tissue injury or initiating an inflammatory response (27) . Because this process leads to macrophage recognition of the aged neutrophil at a stage when the cell membrane is structurally and functionally intact, and large amounts ofgranule enzymes have not necessarily been disgorged, it may represent a mechanism for the removal of effete neutrophils that normally serves to limit the degree of tissue injury in inflammation.
In the present study improved methods of neutrophil isolation and culture were used, so that during 24 h in vitro there was negligible loss of cells and > 98% retained the ability to exclude the vital dye trypan blue. A progressive, time-related increase in the degree of macrophage recognition of such cells over 24 h was confirmed. Over this period, and in parallel with the increase in macrophage recognition, there was a progressive increase in the proportion of neutrophils that displayed morphological features of programmed cell death. This process was originally reported in corticosteroid-treated thymocytes (24, 29) and has since been described in a variety of cells and tissues where cell senescence or death occurs in a tightly regulated or programmed fashion (27, 28, 31) . Cells undergoing programmed cell death display a number of characteristic morphological features, including nuclear chromatin condensation or pyknosis on light microscopy and nucleolar prominence, chromatin aggregation, and cytoplasmic vacuolation on electron microscopy, while the cell membrane and organelles remain intact (27) . Together with these structural changes there is evidence of endogenous endonuclease activation, indicated by the characteristic pattern of internucleosomal chromatin fragmentation (24, 25, (29) (30) (31) . Neutrophils aging in culture showed all these features, and these observations represent the first description of programmed cell death in a cell of the myeloid series.
The parallel increases in the proportion of neutrophils exhibiting features of apoptosis and the degree of macrophage recognition of aged neutrophils, together with a close correlation between the proportion of apoptotic cells in neutrophil populations of various ages and macrophage recognition, suggested a close link between the two processes. In other cells that undergo programmed cell death there is evidence that the process results in the intact cell becoming avidly engulfed by phagocytes (25, 27, 32) . It was, therefore, pertinent to determine whether programmed cell death in the neutrophil was directly related to recognition of the cell by macrophages. Our in vitro experiments suggest that the uptake and degradation processes are so rapid as to render it difficult to make confident judgements ofthe morphology ofthe majority ofingested neutrophils (19) . Thus, the relationships between neutrophil apoptosis and phagocytosis by macrophages could not be defined by the comparatively simple expedient of morphological examination of macrophages after interaction. Instead, a direct relationship was demonstrated by separating aged neutrophil populations by counterflow centrifugation into fractions with varying proportions of apoptotic cells and confirming that the apoptotic subpopulation was responsible for macrophage recognition. Programmed cell death in the aging neutro- 872 Savill, Wyllie, Henson, Walport, Henson, and Haslett phil, by leading to recognition by macrophages, therefore represents a mechanism accounting for macrophage phagocytosis of neutrophils in vitro (19) . It was considered important to establish whether age-related programmed cell death occurred in populations of neutrophils derived from inflamed sites and whether it might provide a mechanism for neutrophil disposal by macrophages in vivo. Our data indicate that the same processes account for instances of neutrophil ingestion by macrophages in vivo and offer new insights into the clinically described phenomenon of the Reiter's cell. First, populations of neutrophils that have migrated to inflamed sites in vivo underwent progressive morphological and biochemical changes typical of programmed cell death when isolated and cultured in vitro. Indeed, neutrophils with morphology typical ofapoptosis were seen in freshly aspirated inflammatory synovial fluid. Second, inflammatory neutrophils undergoing apoptosis in vitro were recognized and ingested by heterologous monocyte-derived macrophages; nonapoptotic inflammatory neutrophils were recognized to a much smaller degree, if at all. Third, in a single patient with bilateral arthritis it was possible to compare the recognition of freshly isolated, aged, nonapoptotic and apoptotic neutrophils by freshly isolated inflammatory macrophages, all cells being derived from the same organ (knee joint) and patient, and to provide evidence that the apoptotic cells were preferentially recognized by autologous macrophages. Finally, the cytological appearances of the Reiter's cell in our own and other studies are consistent with macrophages that have recently taken up apoptotic neutrophils.
The studies in vitro suggest that neutrophil recognition, uptake, and degradation processes are rapid, as compared with the comparatively slow rate of development of neutrophil apoptosis. This seems likely to explain why relatively few neutrophils removed from the inflamed site were seen to exhibit features of apoptosis, i.e., the cells that have undergone this process have already been engulfed and degraded. The difficulty of assessing the dynamics of a cell disposal process from histological examination at one time point is well illustrated by studies oftissue involution and resorption, where cells in large areas of tissue undergo programmed death but relatively few phagocytes contain readily recognizable apoptotic cells at any one time (27, 33) .
That the changes in the neutrophil population represent a physiological intrinsic aging process is suggested by the gradual increase in the proportion of cells showing these changes in vitro over 24 h. The neutrophils do not appear to age in phase, suggesting that the phenomenon is not the result of their sudden isolation and exposure to ex vivo conditions. Further- more, when inflammatory synovial fluid was placed directly into culture without being subjected to any isolation procedures, time-related appearance of cells with typical morphological features was observed (data not shown), and occasional cells with these features were observed immediately after fluid aspiration. Finally, it did not appear likely that programmed cell death in the aging neutrophil was the result of unfavorable culture conditions, since if these were deliberately rendered unphysiological by high temperature or acidity the changes of programmed cell death were not observed and cultured neutrophils rapidly lost the ability to exclude trypan blue (data not shown).
A number of questions are raised by these observations. Whether the processes described are also responsible for the physiological removal of senescent circulating neutrophils is uncertain. Hematologists have long recognized neutrophil pyknosis or necrobiosis, particularly, but not exclusively, in blood samples left ex vivo for a period before fixation and staining (34) . These morphological features are those of apoptosis, but the ultrastructural and biochemical changes of programmed cell death have not yet been sought. Furthermore, in 1964 Fliedner and his colleagues labeled human bone marrow neutrophils with tritiated thymidine in vivo and provided persuasive evidence that pyknosis was a senescence phase of the lifespan of circulating neutrophils (35). Whether such neutrophils have undergone programmed cell death and whether this process leads to their recognition by the mononuclear phagocytes of the liver and spleen is under investigation. Secondly, the initial trigger for programmed cell death is clear in corticosteroid-treated thymocytes or cells killed by T cells, but is obscure in other cell types. It will be important to define whether the process is an innate mechanism in the neutrophil, whether it is triggered at some stage ofits lifespan, and whether its rate can be influenced by environmental conditions. Finally, the relationship between the morphological changes of programmed cell death and the surface changes leading to recognition of the cell as nonself remains obscure. Even in the steroid-treated thymocyte, which represents the best-characterized example of programmed cell death, the surface determinants responsible for macrophage recognition are poorly defined, although there is some evidence for a sugar-lectin recognition mechanism (32, 36) .
In conclusion, we have shown that human neutrophils derived from peripheral blood or acutely inflamed joints and aged in culture undergo morphological and chromatin fragmentation changes of programmed cell death. This process leads to the recognition of aged neutrophils by macrophages at a stage when their cell membrane appears structurally and functionally intact. Programmed cell death is important in tissue kinetics and, in these situations, leads to the removal of unwanted cells without inducing inflammation or tissue injury. Our observations may therefore represent a neutrophil removal mechanism that is important in the resolution of inflammation and the limitation of tissue injury in acute inflammation.
